Studies diverge substantially on the actual magnitude of the North American carbon budget. This is due to the lack of appropriate data and also stems from the difficulty to properly model all the details of the flux distribution and transport inside the region of interest. To sidestep these difficulties, we use here a simple budgeting approach to estimate land-atmosphere fluxes across North America by balancing the inflow and outflow of CO 2 from the troposphere. We base our study on the unique sampling strategy of atmospheric CO 2 vertical profiles over North America from the National Oceanic and Atmospheric Administration/Earth System Research Laboratory aircraft network, from which we infer the three-dimensional CO 2 distribution over the continent. We find a moderate sink of 0.5 AE 0.4 PgC y −1 for the period 2004-2006 for the coterminous United States, in good agreement with the forest-inventory-based estimate of the first North American State of the Carbon Cycle Report, and averaged climate conditions. We find that the highest uptake occurs in the Midwest and in the Southeast. This partitioning agrees with independent estimates of crop uptake in the Midwest, which proves to be a significant part of the US atmospheric sink, and of secondary forest regrowth in the Southeast. Provided that vertical profile measurements are continued, our study offers an independent means to link regional carbon uptake to climate drivers. atmospheric composition | biogeochemistry | carbon cycle | greenhouse gases K nowledge of today's carbon sources and sinks, their spatial distribution, and their variability in time is one of the essential ingredients for predicting future carbon dioxide (CO 2 ) atmospheric levels, and in turn the anthropogenic perturbation of radiative forcing by CO 2 . Ocean uptake of anthropogenic carbon can be estimated with fairly high accuracy, implying a global net land sink of ∼1 PgC y −1 over the past two decades when combined with atmospheric records and fossil fuel emissions (1; see also SI Text). However, the location and understanding of underlying mechanisms of this land sink remain controversial. Until recently, the dominant consensus has been that a strong land sink is located in the northern hemisphere midlatitudes, although attempts (2-9) to partition the sink further between Eurasia and North America have yielded diverse values ranging from 0.4 to 1.4 PgC y −1 for the temperate North American sink, with associated formal uncertainties ranging from 0.4 to 0.8 PgC y −1 (Table 1) . This large spread in the estimates comes partially from temporal variability of the sink, but also stems from the lack of appropriate observations, which strongly impacts "top-down" atmospheric approaches.
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nowledge of today's carbon sources and sinks, their spatial distribution, and their variability in time is one of the essential ingredients for predicting future carbon dioxide (CO 2 ) atmospheric levels, and in turn the anthropogenic perturbation of radiative forcing by CO 2 . Ocean uptake of anthropogenic carbon can be estimated with fairly high accuracy, implying a global net land sink of ∼1 PgC y −1 over the past two decades when combined with atmospheric records and fossil fuel emissions (1; see also SI Text). However, the location and understanding of underlying mechanisms of this land sink remain controversial. Until recently, the dominant consensus has been that a strong land sink is located in the northern hemisphere midlatitudes, although attempts (2) (3) (4) (5) (6) (7) (8) (9) to partition the sink further between Eurasia and North America have yielded diverse values ranging from 0.4 to 1.4 PgC y −1 for the temperate North American sink, with associated formal uncertainties ranging from 0.4 to 0.8 PgC y −1 (Table 1) . This large spread in the estimates comes partially from temporal variability of the sink, but also stems from the lack of appropriate observations, which strongly impacts "top-down" atmospheric approaches.
The traditional top-down approach exploits, in essence, the accumulation or depletion of CO 2 in the overlying air as a constraint on carbon sources and sinks at the surface. It uses atmospheric transport models in an inverse mode to determine the spatiotemporal land-air surface flux distribution that gives the best match to a set of atmospheric CO 2 data. Strong biases in the estimates may arise from (i) the specific nature of surface fluxes originating from a strong diurnal and seasonal cycle in land vegetation; (ii) limitations in state-of-the-art atmospheric transport models, particularly in terms of near-surface to midtroposphere air exchange, with the choice of the transport model used in the estimation critically influencing the results (10) (11) (12) ; and (iii) limitations in atmospheric CO 2 sampling (4, 5, 13) . In particular, atmospheric concentration measurements have been predominantly made at remote locations to avoid the vicinity of large point sources or rapidly varying fluxes such as those due to photosynthesis and respiration on land, and fossil fuel emissions. Point source flux signals are thus strongly diluted. Also, being mostly made at the surface, the measurements also lack information in the vertical dimension that is not only necessary to characterize the surface fluxes but also essential to validate and calibrate model transport. Given that the spread in the flux estimates obtained with the traditional atmospheric inverse approach comes largely from the difficulty in modeling properly all the details of the flux distribution and transport inside the region of interest, a reasonable alternative approach would be to not try to model that detail at all, but to just look at the inflow and outflow at the boundaries of this region.
To that end, we leverage a unique vertical profile sampling strategy that was implemented by National Oceanic and Atmospheric Administration/Earth System Research Laboratory (NOAA/ESRL) to extract signatures of the exchange of CO 2 and other trace gases over the continent and their associated variability, and to constrain representations of atmospheric mixing in chemical transport models. The use of such data in a data assimilation system or in a traditional atmospheric approach may result in a powerful constraint on carbon budgets, even when using weaker or no a priori constraints on fluxes (8) . However, this would involve solving the problem of the design of an appropriate error covariance structure that would be assigned to vertical transport models. In this paper, we focus on a particular strength of these data, which is the opportunity they provide to design a method avoiding the need for detailed modeling of fluxes and transport processes to estimate the North American temperate sink. Here, we use the vertical profile sampling strategy to estimate the full three-dimensional tropospheric CO 2 distribution over North America and use analyzed winds to study mass exchange pathways over the continent. Relying on a simple budgeting approach and the assumption that large-scale temporal and spatial variability dominate the change in the three-dimensional CO 2 distribution, we derive a previously undescribed Author contributions: M.G. and P.P.T. designed research; C.C. performed research; C.S. contributed data; C.C., M.G., J.L.S., and P.P.T. interpreted results; C.C. and C.S. analyzed data; and C.C. wrote the paper. noon, which is the time most representative of the daily average CO 2 column (10). All together, about 25,000 measurements covering the three-year period are used in this study.
Analysis of the profiles reveals strong signatures of CO 2 exchanges over the continent (Fig. 1) . During summer in the Northern Hemisphere, the atmospheric CO 2 mole fraction is lower in the boundary layer (BL) than in the free troposphere (FT), reflecting the impact of vegetation uptake, which exceeds vegetation respiration and fossil fuel emissions. The situation is reversed in winter, when respiration and fossil fuel emissions become dominant. The farther to the North, the more pronounced the CO 2 seasonal cycle and the BL-FT gradient ( Fig. 1 and Fig. S1 ), following the vegetation distribution. The difference between BL and FT CO 2 mole fraction is larger in the East than in the West ( Fig. 1 and Fig. S1 ), due to strong West to East transport, which enhances the concentration difference as air masses are transported across the country, and because BL-FT exchange is too slow to effectively erase the difference. Building on the clear qualitative coherence of the spatial patterns in the data (Fig. 1) , we first interpolate the profiles using a Kriging geostatistical interpolation method (15) to obtain the 2D distribution of CO 2 at multiple altitudes over the surface for a single climatological year across North America, up to 55°N (Fig. 2) . This northern limit is dictated by the location of the stations, which cover only the coterminous United States and southern Canada. The Southwest of the United States is not covered by the current aircraft network; hence the variability of CO 2 in this region is not as well defined by the data as the rest of North America. However, (i) no significant carbon source or sink is expected to be located in the Southwest region (8) and (ii) variability in air propagating from the Asian continent will be considerably attenuated when entering the North American troposphere. This is because CO 2 profiles over the oceans are less variable compared to continental profiles, because the air has recently been exposed only to air-sea fluxes. These fluxes vary much less than air-land fluxes, because they are moderated by comparatively slower air-sea gas exchange, with an equilibration time of about one year (16) .
Incoming and Outgoing CO 2 Pathways Following the actual coverage of the aircraft network, we focus our study on a tropospheric control volume over North America (Fig. S2) . Analyzed wind fields give us a means to estimate the incoming and outgoing CO 2 transports that determine the mole fraction differences illustrated in Figs. 1 and 2. We compute carbon transport fluxes due to horizontal advection using the interpolated three-dimensional CO 2 distribution and National Centers for Environmental Prediction (NCEP) analyzed winds for the three-year period 2004-2006 (see the Materials and Methods section). The annual mean of carbon transport fluxes due to horizontal advection across the edges of the control volume and between various regions within this volume is plotted in Fig. 3 . On average, a strong West to East transport is observed, coming from both the three-dimensional wind distribution and the location of sources and sinks at the surface.
High horizontal outgoing transport fluxes are found along the East Coast, due to the eastward winds and to the elevated CO 2 source due to fossil fuel emissions from Texas northward along the East Coast. On a monthly scale (Fig. S3) , these high outgoing transport fluxes are mainly found during winter (when fossil fuel emissions are stronger and land uptake is minimal), with a maximum in January and February. They then decrease through spring to fall due to the growing vegetation in the East and Midwest. The summertime absolute values of the horizontal transport fluxes are small, however, highlighting the fact that the land vegetation carbon sink only slightly overcomes the fossil fuel emissions. On the West Coast, the horizontal CO 2 transport fluxes are smaller and exhibit a less pronounced seasonal cycle, following the low temporal variability of CO 2 in this region, which is mostly influenced by the well-mixed and slowly varying troposphere due to transport over the Pacific Ocean. The change of sign found at the northern border of the measurement space (outgoing flux in the West and incoming flux in the central region) comes from the shift in the wind direction from northward in the West to southward in the center and East, acting on the seasonal cycle of Canadian forest uptake and release of CO 2 north of the control volume. Finally, the horizontal transport fluxes found at the southern border are generally small, due to the canceling effect of seasonal changes in the inflow and outflow through the southern edge of the volume (Fig. S3) . On average, in the South, CO 2 tends to enter the control volume from the Gulf of Mexico.
The availability of CO 2 profiles up to a height of 8 km provides an opportunity to analyze at which vertical level of the atmosphere CO 2 enters or leaves the North American troposphere. We compute the horizontal advective transports separately for the BL and the FT. As suggested by the relative magnitudes of the horizontal gradients in the BL and FT shown in Figs. 1 and 2 , most of the transport on the East Coast (about 80% on average) happens in the BL, especially in winter and summer when strong surface fluxes prevail. In contrast, across the West Coast only 65% of CO 2 is horizontally transported in the BL, revealing the need for measurements at high altitude to fully capture the whole flow of CO 2 entering the control volume. This East-West difference stems partly from the relatively small variations in CO 2 profiles coming from the oceanic regions and measured along the West Coast, with a reduced BL-FT gradient (Figs. 1 and 2 ). CO 2 enters across the northern border mostly in the BL, but the signal is more diluted along the first kilometers above the surface than in the East, as suggested by Fig. 1 . On the East and North borders, where a strong seasonal cycle is observed at the surface, a peculiar behavior of the BL vs. FT flow can be observed in June and November; although during the rest of the year, both transport fluxes are of the same sign, the BL and FT transport fluxes observed during these two months are of opposite signs. This is due to the strong decrease (increase) of CO 2 in June (November), which is mostly confined to the BL and has not yet fully reached the FT.
Continental and Regional Mean Surface Fluxes
We use what we call a Direct Carbon Budgeting Approach (15) to compute surface fluxes from the interpolated CO 2 fields. For the control volume over North America defined previously (Fig. S2) , we balance carbon air mass (C) flows into and out of the volume (at the surface, across the vertical edges of the volume, and at its top) and solve for the surface fluxes, according to F surf ðx;y;tÞ ¼ dC∕dtðx;y;tÞ-F side ðx;y;tÞ-F top ðx;y;tÞ:
[1]
Details on the computation of each term are given in Materials and Methods. Our approach may be seen as a first attempt to exploit the availability of the profiles of CO 2 extending through most of the troposphere, which gives the opportunity to take advantage of large-scale features of atmospheric transport. This method has the advantage of relying mostly on the interpolated CO 2 data and on the reanalyzed wind distributions used to compute the advective transport fluxes F side ðx;y;tÞ and thus does not rely on model representation of processes not resolved on the model grid like vertical transport (e.g., due to convection, thunderstorms, fronts and squall lines, or boundary layer dynamics), with the exception of the small convective outflow at the top (8 km) of the control volume (see below). It also strongly reduces the bias due to so-called daily and seasonal "rectification" (17) . Although strong ventilation and deeper mixing of CO 2 -depleted air occurring during the day and the growing season may occasionally extend to higher altitudes than 8 km (top height of aircraft profiles), measurements are usually taken in fair weather conditions when strong ventilation events are rare and the mixing should be limited to lower altitudes. It should be noted that the bias resulting from the sampling in fair weather is likely to be small (see SI Text). Finally, by focusing on a limited volume of the troposphere, biases in remote regions such as the Tropics do not affect our estimates.
In the absence of independent observations, uncertainties of the method have been examined based on its application to fields of simulated CO 2 mole fraction with state of the art atmospheric transport models and a range of surface flux fields (15; see also SI Text). Formal uncertainties of the Kriging approach, which account for the errors introduced by the interpolation of the data, have also been evaluated using model simulations and measurements (15; see also SI Text). Here, we apply the method to real data.
From the variation of carbon in the volume and the advective fluxes, we find a surface flux of CO 2 into the whole North American volume of By dividing the control volume into various regions (Fig. 4) , we find that the land carbon sinks are mainly located in three regions: Midwest states (52%), which are characterized by extensive agriculture; the southeastern regions (22%), where most of the deciduous forests are located; and the southern part of the boreal region (18%). The western and southern regions appear to be neutral. For the coterminous United States, including a small part of southern Quebec and Ontario (Fig. 4) , the sink is estimated as 0.5 PgC y −1 . Our estimates agree well with forest-inventory-based estimates of the State of the Carbon Cycle Report (SOCCR) (9) , which found an atmospheric sink of 0.575 PgC y −1 in the United States, with half of the sink due to forest regrowth in the East (20) . Given the uncertainties of each estimate, a comparison of the mean values of regional estimates should be done with caution. However, the general locations of the sinks found in our study are in good agreement with the ones reported in the SOCCR, as well as those suggested from MODIS (Moderate Resolution Imaging Spectroradiometer) satellite data combined with ecosystem modeling (21). (Fig. 2) , state boundaries, and vegetation distribution (Fig. 4) .
Discussion
The strong atmospheric sink in the agricultural region is consistent with the difference in the spatial distribution of agricultural production and product consumption: a strong atmospheric uptake by crops during the growing season in the Midwest states, while much of the release of carbon associated with consumption of agricultural products occurs in other regions, in the United States and abroad. It must thus be pointed out that this apparent atmospheric sink in the Midwest does not imply a long-term carbon sequestration (22) . In particular, strong release of carbon associated with agricultural consumption occurs in the pastureland in the southern and western regions, which, in addition to sparse vegetation (desert), might explain the low fluxes we find in these regions. However, due to the very low information content of the current network in that region, this result should be treated with caution. Based on cropland production (23) and on cropland area (24) , carbon uptake by crops in the Midwest has been estimated to be 0.25 PgC y −1 , which is of the order of our Midwest sink estimate (0.31 PgC y −1 ). Our estimate also includes uptake of carbon by regrowing forest near the Great Lakes. The sink we find in the Southeast and, to a lesser extent, in the Northeast is consistent with forest regrowth exceeding harvest (20, 25, 26) (Fig. S4) and with favorable climate conditions in the Southeast where, as opposed to the Northeast, precipitation has been increasing over the last decade (Fig. S5) .
As compared to previous estimates (Table 1) , ours is similar to inventory-based estimates for the 1980-1989 decade (2), but smaller than estimates based on an analysis of annual mean mole fractions using atmospheric transport inversions for the periods 1989-1992 (3) and 1992-1996 (4-7). These periods have much different global atmosphere-land fluxes consistent with different external controls and land-atmosphere fluxes in the aftermath of the Mount Pinatubo eruption. Therefore, before the response of carbon storage on land to anomalous climate events and land management are fully understood, comparisons are difficult to make. Nonetheless, with regard to external controls for the period 2004-2006, climate fields are fairly average compared to the 1990-2006 period except that the temperature is higher by about 1 K (Fig. S5) . Accordingly, thermal time (27) , a proxy for growing season length, is somewhat longer than usual (Fig. S6 ). Increased temperatures have been shown to coincide with small but significant decreases in crop yields and thus are likely to oppose any fertilization effect of increased CO 2 levels (28). Moreover, this period is not in the aftermath of a major volcanic eruption. It is therefore reasonable to view the 2004-2006 period as having no extreme events and to assume that the fluxes and causes discussed above are characteristic of an average year with regard to climate forcing, regardless of potential local anomalies. The good agreement between our top-down estimates and previous bottom-up estimates, as well as the reasonable behavior with respect to climate, give some confidence in the results and suggest that it would be highly desirable to further exploit the aircraft profiling method.
Although we consider our estimates as likely being representative of average conditions, only continuation and increase in frequency of the measurements will make it possible to follow (19) and estimates of fossil fuel emissions and air-land fluxes in North America. Air-land fluxes are computed by the difference between the surface fluxes estimated by our direct carbon budgeting approach and estimates of fossil fuel emissions (18) . the evolution of the North American sink. Moreover, the availability of multiple profile sampling of CO 2 , combined here with our direct carbon budgeting approach, provides a means to partition the sink in different regions and to thus link variations in carbon uptake to vegetation, climate and human drivers, a well-defined priority of the North American Carbon Program (NACP). Given the promise of the simple mass balance method and given the particular strength of using multiple profile measurements as opposed to only surface measurements in an atmospheric inversion (8), we would recommend expanding the coverage of appropriate observations with (i) more observations at all sites to allow us to detect interannual variability and (ii) an increase in site locations both in the coterminous United States and in other terrestrial regions where the method can work and the carbon budget is poorly understood, namely the Amazon basin or, more generally, the tropical region, although this would require a better understanding of the convective outflow across the 8-km level because these regions have much stronger and deeper convection compared to midlatitudes. In our view, the initial results presented here demonstrate a feasible strategy for constraining the large-scale carbon budgets of these regions.
Materials and Methods
We interpolate the profiles using a Kriging technique (29) . We take into account the spatial continuity of the CO 2 field using modeled spatial covariance (15) . The subgrid variability is taken from ref. 30 . We estimate the horizontal CO 2 -carbon advective transport fluxes across the edges of the control volume V shown in Fig. S2 from
where χ is the CO 2 dry air mole fraction, ρ is air density, u is the 3D-wind field, S is the surface vertically bounding V (extending from the surface to 8 km), and n is the normal to S. Here, χ is the interpolated CO 2 profile anomaly relative to Mauna Loa. The wind distribution u used in our study and shown in Fig. S2 is taken from the NCEP (31) reanalysis. Nearly identical results have been obtained with the European Centre for Medium-Range Weather Forecasts wind distribution (32) .
We estimate the surface fluxes using the volume-integrated continuity equation, which gives the carbon budget in the control volume V shown in Fig. S2 ,
where C is the CO 2 -carbon mass content inside V, S is the surface enveloping V (including the top at 8 km and the bottom, with a surface wind velocity equal to zero), t is time, F vertical is the carbon flux, other than vertical advection, at the top of V, and F surf is the carbon surface flux. Terms of the equation represent (i) the change of carbon inside V; (ii) carbon fluxes due to advection; (iii) vertical carbon fluxes, other than vertical advection, between V and the upper atmosphere, at 8 km; and (iv) carbon exchanges between V and the ground, which are the sum of natural vegetation, fossil fuel emissions, and nonvegetation fluxes such as CO 2 stored in reservoirs and going into rivers. All the measurements were made by the NOAA/ESRL Aircraft Project using automated portable flask packages. A separate portable compressor package is used to flush the air samples through a 0.7-L borosilicate glass flask at 10-18 L∕ min. Measurement was done by first cryogenically drying the sample gas and measuring the mole fraction using a nondispersive infrared analyzer and three World Meteorological Organization CO 2 reference standards. Samples are collected at weekly to monthly intervals from 500 m above ground to 8 km and analyzed at NOAA/ESRL within a week of collection. Aircraft are equipped with single air inlets extending more than 6 in. off the fuselage to avoid contamination from aircraft emissions. Simultaneous measurements of a variety of halocarbons and CO provide an independent indication of cabin air or engine exhaust contamination.
